The results of a recent study of the effects of ternary alloying with Ti on the fatigue and fracture behavior of a new class of forged damage-tolerant niobium aluminide (Nb 3 Al-xTi) intermetallics are presented in this article. The alloys studied have the following nominal compositions: Nb-15Al-10Ti (10Ti alloy), Nb-15Al-25Ti (25Ti alloy), and Nb-15Al-40Ti (40Ti alloy). All compositions are quoted in atomic percentages unless stated otherwise. The 10Ti and 25Ti alloys exhibit fracture toughness levels between 10 and 20 MPa at room temperature. Fracture in these alloys occurs ͌m by brittle cleavage fracture modes. In contrast, a ductile dimpled fracture mode is observed at roomtemperature for the alloy containing 40 at. pct Ti. The 40Ti alloy also exhibits exceptional combinations of room-temperature strength (695 to 904 MPa), ductility (4 to 30 pct), fracture toughness (40 to 100 MPa ), and fatigue crack growth resistance (comparable to Ti-6Al-4V, monolithic Nb, ͌m and inconnel 718). The implications of the results are discussed for potential structural applications of the 40Ti alloy in the intermediate-temperature (ϳ700 ЊC to 750 ЊC) regime.
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I. INTRODUCTION
INTERMETALLIC compounds are being considered for possible high-temperature applications in advanced propulsion and energy systems. [1] [2] [3] [4] [5] [6] [7] However, the structural applications of most intermetallics are limited by their limited ductility and damage tolerance. Like most intermetallic compounds, Nb 3 Al, which has the A15 crystal structure [7, 8] ( Figure 1(a) ), has poor room-temperature ductility and limited damage tolerance. However, recent work [1] has shown that the addition of Ti to Nb 3 Al can stabilize a more favorable B2 crystal structure (Figure 1(b) ), which has the five independent slip systems required for homogeneous plastic deformation. [7] [8] [9] [10] In the cast condition, the resulting alloys have room-temperature ductilities of ϳ4 to 30 pct.
[1] The room-temperature fracture toughness levels in the cast and forged Nb-15Al-40Ti alloys may also range between ϳ40 to 100 MPa . [2, 3] Similar fracture toughness improvements have ͌m also been observed in Nb-Ti-Cr alloys containing ϳ37Ti. [4, 5] The fracture toughness improvements in the alloys containing 37 to 40 at. pct Ti are due largely to the very significant levels of crack-tip plasticity in the alloy. [6] The tough Nb-15Al-40Ti alloy also has a moderate density of ϳ6.08 g/cm 3 , which is in between that of titanium alloys and superalloys. [1] In this study, the effects of alloying Nb 3 Al with Ti were examined in three different forged alloys (10Ti, 25Ti, and 40Ti). The fatigue and fracture behavior of all the alloys were examined at room temperature. The transition from relatively low fracture toughness levels (10 to 20 MPa ) ͌m in the 10Ti and 25Ti alloys to high fracture toughness lev- els (40 to 110 MPa ) in the 40Ti alloy is associated with ͌m the onset of significant levels of crack-tip plasticity. Fatigue crack growth was also studied in the Nb-15Al-40Ti alloy at 750 ЊC (the potential oxidation temperature limit for uncoated niobium aluminide alloys is ϳ750 ЊC) in laboratory air. Slower near-threshold fatigue crack growth rates at an elevated temperature (750 ЊC) are shown to be due partly to the effects of oxide-induced crack closure.
II. MATERIAL
A. Processing and Microstructure
The alloys that were examined in this study were produced by Teledyne Wah Chang (Albany, OR). Nominal and actual ingot compositions are listed in Table I . Triplemelted ingots were produced by vacuum arc casting in a 11.4-cm-diameter ϫ 25.4-cm-high mold. Ingots of the 40Ti alloy were reduced to billet form by conventional upsetforging processes. However, the 10Ti and 25Ti alloys cracked during conventional forging. These alloys were, therefore, processed using isothermal forging at 1250 ЊC and a constant strain rate of 0.25 s Ϫ1 . The resulting microstructures of the forged products are presented in Figures 2(a) through (d) . The forged 10Ti and 25Ti have microstructures consisting of A15 precipitates in a matrix of B2. An orthorhombic phase was also detected in the 25Ti alloy after annealing at 750 ЊC for 25 hours. The orthorhombic phases in the 25Ti alloy were distributed into star-shaped clusters in the B2 matrix. However, the 40Ti alloy contained only B2 grains in the as-forged condition. The amounts of A15 and orthorhombic phases present in these alloys were quantified using computerized image analysis techniques. The results was shown in Table  II . All the alloys were tested in the as-forged condition and after annealing at 750 ЊC for 25 hours (direct aging (DA)). The behavior of the 40Ti alloy was also examined after solution treatment at 1150 ЊC for 8 hours and aging at (a) (b) Fig. 1 -(a) Binary Nb-Al phase diagram [7] (b) 1200 ЊC isothermal section of ternary Nb-Al-Ti phase diagram. [8, 10] 750 ЊC for 25 hours (solution-treatment and aging (STA)). The 750 ЊC anneal was used to stabilize the microstructure at the potential oxidation temperature limit for the uncoated 40Ti alloy.
[10]
The as-forged microstructures of the 10Ti and 25Ti alloys consist of elongated B2 grains. The grains are elongated in the direction perpendicular to the forging direction (Figures 2(a) and (c) ). Some needlelike orthorhombic grains were also identified in the 25Ti alloy. It is important to note here that the 10Ti and 25Ti alloys retained their elongated grain structure along with a small fraction of A15 precipitates following the 750 ЊC stabilization anneal (Figures 2(a)  through (d) ). However, the B2 structure of the 40Ti alloy was not fully retained after annealing at 750 ЊC for 25 hours (DA) followed by a furnace cool. This resulted in the formation of a two-phase microstructure, consisting predominantly of Widmanstätten orthorhombic platelets in a matrix of B2 (Table II) .
Typical optical micrographs and transmission electron micrographs of the heat-treated 40Ti alloy are presented in Figures 2(e) and (f), respectively. Unlike the 25Ti alloy (Figure 2(d) ), the orthorhombic phase in the 40Ti alloy did not arrange itself into star-shaped clusters (Figure 2(f) ). Instead, it forms predominantly Widmanstätten structures that completely fill the interior of the B2 grains. The structure and composition of the orthorhombic phase in the 25 and 40Ti alloy were similar to those reported in earlier studies of cast niobium aluminides. [7] The chemical composition of the orthorhombic phase was Nb-25Al-43Ti, while the B2 phase had a composition of Nb-10Al-34Ti. [7, 8, 9] The orthorhombic phase was formed in both the 25Ti and 40Ti alloys after annealing at 750 ЊC for 25 hours (Figures 2(c) through  (f) ). However, the as-forged 40Ti alloy had a purely B2 structure.
B. Tensile Properties
The tensile properties of the 10Ti, 25Ti, and 40Ti alloys are summarized in Table III . The results show that the 10Ti and 25Ti alloys exhibit limited ductility and low fracture stresses at room temperature. The 10Ti and 25Ti alloys also failed by brittle cleavage fracture modes in the as-forged and annealed conditions. However, the 40Ti alloy exhibits extensive ductility (ϳ4 to 30 pct) and high yield strengths (695 to 904 MPa) at room temperature. The yield and ultimate tensile strengths of the 40Ti alloy also increase significantly upon annealing at 750 ЊC for 25 hours (DA). Furthermore, unlike most intermetallic materials, tensile fracture of the as-forged and annealed 40Ti alloy occurred by ductile dimpled fracture (Figure 3) . Similar behavior has been observed in the cast 40Ti alloy.
[1]
The 40Ti alloy also exhibited strain softening behavior, and, hence, it does not have an ultimate tensile strength in the as-forged or heat-treated conditions. A typical stressstrain curve of the 40Ti alloy is shown in Figure 4 . Note that the as-forged alloy exhibits a plastic strain to failure of ϳ30 pct at room temperature. However, the ductility of the 40Ti alloy decreases to ϳ4 pct after annealing at 750 ЊC for 25 hours (DA). Also, almost-zero ductility was observed after an 1150 ЊC/8 hours ϩ 750 ЊC/25 hours (STA) treatment, which resulted in an intergranular fracture mode. A summary of room-temperature tensile properties of all the three alloys is presented in Table III .
III. EXPERIMENTAL PROCEDURE
A. Fracture Toughness
Fracture toughness tests were performed on single-edge notched (SEN) bend-test samples (2.54 ϫ 2.54 ϫ 10.16 cm). The relatively large specimen dimensions were selected to promote plane strain conditions and to ensure that at least 50 grains (average grain size ϳ250 m) were sampled by the through-thickness crack fronts during stable crack growth. The samples are precracked under far-field compression loading [11] prior to fracture toughness testing under three-point bend loading. The fracture toughness test were performed in accordance with the ASTM E399 specifications.
[12] A loading rate corresponding to a stress intensity factor increase rate of 1 MPa ⅐s Ϫ1 was used in the ͌m fracture toughness tests. The stress intensity factors were
